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a b s t r a c t
Power distribution utilities often use impedance-based methods for locating faults along their feeders.
For feederswith laterals, these techniquesmay identify differentpossible locations for the same fault. This
leads to higher costs and longer restoration time. In order to improve impedance-basedmethods, faulted-vailable online 8 December 2010
eywords:
ault location
mpedance-based methods
ensor placement
circuit indicators (FCI) can be allocated along the feeder to reduce, or even eliminate, the uncertainty
about the fault location. This paper proposes a technique for optimally allocating a given number of FCIs
along distribution feeders using the Chu–Beasley genetic algorithm to solve the optimization problem.
The proposed objective functions measure the number of locations that are suspected to be the actual
fault location or the distance among them. Additionally, it is possible to consider the presence of priority
areas. We present results for the IEEE 34-bus system and for a 475-bus actual system. The results show
the effectiveness of the proposed technique in improving impedance-based fault location methods.enetic algorithm
. Introduction
Power distribution networks are susceptible to faults caused by
ifferent sources such as adverse weather conditions and equip-
ent failure. In order to improve service reliability and avoid legal
r contractual penalties, it is desirable for utilities to quickly ﬁnd
ault locations and consequently reduce restoration time.
The choice of a method for ﬁnding fault locations depends
n both system topology and available instrumentation for mon-
toring the system [1]. Roughly, it is possible to classify three
ifferent kinds of methods: (a) travelling-wave based methods
2,3]; (b) high-frequency components based methods [4,5]; and
c) impedance-based methods [6–8]. Travelling wave-based meth-
ds depend on wave propagation, which is a complex phenomena
hat is difﬁcult to analyze with detailed precision due to sensitive
ependency to system parameters and network conﬁgurations [9].
igh-frequency methods require specially tuned ﬁlters and high
ampling rates to cope with high-frequency components of volt-
ge and current waves that travel between the fault and the line
erminals [5].
Due to their simplicity, impedance-based methods are com-
only used among distribution utilities. The basic idea is to
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estimate an impedance from fundamental phasors of voltage and
currentmeasured at the substation using a digital impedance relay.
Since the impedance of the line is proportional to its length, it can
be used as a measure of distance between the fault and the sub-
station. An important drawback of these methods is the possible
existence of multiple faulty points with the same impedance [10].
This is mainly caused due to radial nature of distribution feeders
with laterals. In the related literature, there exist some methods
for reducing this uncertainty. In [11], the author proposed to dis-
tinguish the actual fault location by examining the impedance of
the fault under different frequencies. In [12] it is used additional
information from various protective devices, such as reclosers and
fuses, as well as their operating characteristics, to reduce and rank
the list of possible faults. A similar approach was used in [13]. In
[7], the authors propose a fault location algorithm based on the
bus impedance matrix. In [14], it was proposed an optimal volt-
age meter placement scheme in order to improve the fault location
algorithm proposed in [7]. The use of FCIs was suggested in [15],
however the author did not propose any speciﬁc method for their
placement.
The use of FCIs to improve impedance-based methods is an
interesting approach for electric utilities. It can speed up the
restoration time, avoiding penalties and improving quality indexes.
Open access under the Elsevier OA license.When a fault occurs downstream the indicator, it automatically
sends a signal to the supervisory control center. Properly allocat-
ing a certain number of FCIs may reduce or even eliminate the
uncertainties associated to the actual fault location. Unfortunately,
due to economical restrictions, it is often impossible to acquire all
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aig. 1. (a) 7-Bus radial feeder. (b) 7-Bus radial feeder partitioned in segments of 1
mpedance fault, the points (4), (7) and (8) are the suspected locations with geome
he necessary FCIs to make the network uncertainty free upon the
ccurrence of any fault.
In this paper, we propose a method to optimally allocate a given
umber of FCIs and consequently reduce uncertainties about the
ocation of faults in distribution systems. The proposed method
onsiders aﬁxednumberof available FCIs, resulting in a combinato-
ial optimization problem that consists in ﬁnding the best suitable
ocation for these FCIs. Extending the idea suggested in [16], we use
he Chu–Beasley Genetic Algorithm (CBGA) [17] to solve the FCI
llocation problem proposing new and improved objective func-
ions. Thenewobjective functions consider thenumber of locations
hat are suspected to be the actual fault location or the distance
mong them. Additionally, it is possible to take the presence of
riority buses into account. The proposed approach is applicable
o purely radial distribution systems in which the power ﬂows
nidirectionally.
Thispaper isorganizedas follows. In thenext section,wepresent
he basis of the fault location method considered in this work. The
hird section proposes the criteria for optimally allocating the fault
ndicators. The fourth section describes the genetic algorithm used
or optimizing the placement of the FCIs. The results are presented
nd analyzed in the ﬁfth section. Finally, the conclusions are drawn
n sixth section.
. Using FCIs to improve impedance-based methods
Consider the radial feeder depicted in Fig. 1a. It contains seven
uses and six branches. The values in parenthesis represent the
ccumulated impedance measured from the substation up to the
uses. The values in braces are the branch numbers. Thus, the value
5 next to bus 3 is the sum of the impedances of branches {1}
nd {3}. Now, suppose a fault occurs at an impedance distance ofc) 7-Bus radial system with one FCI ﬂagged 1 allocated on branch 1. Given a 40
ntre as GC and the sum di,j = l4+ l7+ l8.
10 from the substation in branch {1}. A purely impedance-based
fault location method would provide two locations that are sus-
pected to hold the actual fault: one in branch {1} and another in
branch {2}. In this paper, these locations are referred as suspected
locations. In the worst scenario, the maintenance crew would have
to patrol the two branches to ﬁnd the fault. In order to avoid this
uncertainty, one FCI could be placed at the beginning of branches
{1} or {2}. If the FCI is placed at branch {1}, its status (ﬂagged 1)
will indicate the occurrence of a fault downstream its location, and
therefore it is clear that the fault is located on branch {1}. If the
FCI is placed at branch {2}, its status (ﬂagged 0) will indicate that
there is no fault downstream its location, and therefore it is clear
that the fault is located on branch {1}. Therefore, the allocation of
one or more FCIs along the feeder can help to reduce or even elimi-
nate the uncertainty inherent to the purely impedance-based fault
location methods.
Finally, observe thatwhen a fault occurs, all FCIs placedbetween
the fault location and the substation will be ﬂagged as 1. Thus, it
is not possible for a FCI to be ﬂagged 1 while another FCI placed
upstream is ﬂagged 0.
Some electricity distribution utilities make use of ad hoc meth-
ods for allocating FCIs. One approach used in COELBA (a Brazilian
utility) is to place them at the ﬁrst branches of the longest sections
of the network that are limited by consecutive buses containing
forks. This approach does not ensure optimality w.r.t. allocation of
FCIs. In the following section we deﬁne an optimization framework
and propose three optimization criteria for the allocation of FCIs.3. Optimal allocation of FCIs
In this section, we propose a procedure for optimal allocation
of FCIs based on the following two premises: (1) there is a ﬁxed
M.C. de Almeida et al. / Electric Power Sys
Table 1
Deﬁnition of the suspected locations corresponding to the allocation of two fault
indicators at branches 1 and 3. The values between parenthesis speciﬁes the sus-
pected locations. For instance, if an impedance of 30 is given by the relay
substation and the status of S1 and S2 are ﬂagged 1 and 0 respectively, it is pos-
sible to pinpoint two suspected locations, labeled (5) and (6) according to Fig. 1b.
The third row of the table presents an impossible situation.
FCIs status Discrete impedances ()
S2 S1 10 20 30 40 50
0 0 1 0 0 0 0
0 1 1 (1) 1 (2) 2 (5,6) 2 (7,8) 1 (9)
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Given a set of high-priority buses,wedeﬁne critical points as the1 0 × × × × ×
1 1 0 0 1 (3) 1 (4) 0
, impossible state.
umber of FCIs to be allocated along the feeder and (2) only one
ault can occur at a given moment. We are left with the combinato-
ial problem of ﬁnding the best suitable allocation of ns indicators
mong the branches of a feeder. We deﬁne the following criteria:
inimize the number of locations suspected to be the actual fault
ocation; Minimize the distance among these suspected locations.
deﬁnition for this distance is given in Section 3.3; and Minimize
he distance among critical suspected locations and the remaining
uspected locations. These critical locations aredeﬁnedconsidering
set of critical buses that can be chosen, for instance, by consider-
ng fault-occurrence statistics or the presence of special clients. In
he following subsections, we deﬁne the optimization framework
or the problem and in the sequel we present in details each of
he aforementioned criteria and their context in the optimization
roblem.
.1. The proposed optimization framework
Consider the feeder of Fig. 1a. We assume that the faults
ay occur only at discrete impedance points of the feeder. The
mpedance step, z, is used to specify these discrete impedances
oints measured from substation. Thus, in Fig. 1b, considering
z=10, the discrete impedancepoints are 10, 20, 30, 40
nd 50. The two FCIs in Fig. 1b, S1 and S2, are respectively placed
n branches 1 and 3. Table 1 summarizes the suspected locations
n function of the FCIs status and the discrete impedances. In this
xample, the number of discrete impedances m is equal to ﬁve.
bserve that m increases as the impedance step decrease.
In this framework, we can state that it is always more advan-
ageous to place FCIs at the beginning of branches whose initial
us contains laterals. This reduces the set of possible locations for
he placement of FCIs, making the optimization more efﬁcient. For
nstance, consider again the feeder of Fig. 1a and one FCI to be
laced. Suppose the occurrence of a fault in branch {6}, 40 away
rom the substation. In this situation, a purely impedance-based
ethod would provide three suspected locations: in branches {3},
5} and {6}. To avoid this uncertainty, the FCI could be placed
t the beginning of branches {4} or {6}. However, the placement
n branch {4} is preferable since any fault in branches {4} and
6} would be uniquely located. Thus, in this context, the set of
ranches where the FCIs should preferably be placed are {1, 2, 3,
, 5}. Observe that if a FCI is placed at the beginning of branch {6},
nly faults occurred in this branch would be uniquely located.
Considering the presented scenario, it is possible to obtain a
able such as Table 1 for any radial feeder, given a ﬁxed number ns
f FCIs and a given impedance step z. The following variables can
e identiﬁed in this scenario: s is a vector of size ns that contains the
umbers of the branches where the FCIs are allocated; bi is a binary
ector of size ns denoting the i th possible combination of the ns FCI
tatuses; zj = jz is the j th discrete impedance. Based on the abovetems Research 81 (2011) 699–706 701
notation, we can deﬁne the general optimization problem as,
min
s
{F = F(s,b1,b2, . . . ,bp, z1, z2, . . . , zm)}, (1)
where F is a function of the allocation solution s, of all p=2ns pos-
sible FCI statuses combinations, and of all discrete impedances zj,
j=1, 2, . . ., m. In the following subsections, we present three possi-
ble deﬁnitions for F, each one associated with a given optimization
criterion.
3.2. The criterion of the number of suspected locations
In order to minimize the number of suspected locations, we
propose the following objective function to be minimized:
Fn =
p∑
i=1
m∑
j=1
ni,j, ∀ni,j > 1, (2)
where p=2ns is the number of combinations of FCIs status and m
is the number of discrete impedances. The term ni,j represents the
number of suspected locations for the i th combination of FCI sta-
tuses and the j th discrete impedance. Therefore, ni,j is the element
of row i and column j of Table 1. Thus, minimizing Fn is equivalent
to reduce the number of suspected locations. Observe that when
ni,j <2, there is no doubt about the fault location.
3.3. The criterion of the distance among the suspected locations
In this criterion, instead of use the number of suspected loca-
tions, the distance among them is considered, as follow:
Fd =
p∑
i=1
m∑
j=1
di,j, (3)
with di,j being the sumof the distances between the suspected loca-
tions and their geometric center, for the i th combination of FCIs
status and the j th discrete impedance. Fig. 1c depicts a graphical
representation of these distances. Note that if there is no uncer-
tainty about the fault location, i.e., ni,j <2, then di,j is zero. The
minimization of Fd is equivalent to reducing the distance among
the locations under doubt. This way, we also reduce the search
area, and consequently, the distance that has to be covered by the
maintenance crew. Instead of the proposed geometrical approach
to deﬁne the distances, a deﬁnition based on the actual geographi-
cal characteristics, including the actual road distances, is certainly
more adequate and preferable for wider application of the method.
However, the proposed geometrical approach is an alternative if
geographical features and road characteristics are not available.
3.4. The priority criterion
In power distribution systems, some buses or consumers can
have higher priorities depending on contractual terms, the nature
of their activities, e.g. hospitals, public buildings and strategic
industrial plants, or depending on fault-occurrence statistics. It is
important to give higher priority to some of these clients in order
to improve service-quality indexes. Therefore, any fault that affects
the power delivery for these high-priority buses have to be quickly
located and cleared out. In this context, it is desirable that the
faults that lead to power interruption in high-priority buses must
be always uniquely located.discrete impedance points between these buses and the substation.
For instance in Fig. 1b, if bus 5 is of high-priority, the points (1), (2),
(6) and (7) are critical. It is therefore desirable that faults occurring
in these critical points could be uniquely located.
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To attend this goal, the following objective function is proposed:
critical =
p∑
i=1
m∑
j=1
Di,j, where Di,j =
{
di,j, if(i, j)∈ C;
0, otherwise.
(4)
ith C being the set of all pairs of indices (i, j) of a given di,j, inwhich
he sum includes at least one critical point. For instance, in Fig. 1a, if
t least one of the three points (4), (7) or (8) is a critical point, then
i,j =di,j = l4+ l7+ l8 otherwise Di,j =0. When the value of Fcritical is
ero, all faults that lead to power interruption on the high-priority
uses are uniquely located, i.e., there is no doubt about the fault
ocation.
This criterion may be used in conjunction with one of the other
wo optimization criteria to establish a strategy for FCI placement
n which higher priority areas are attended ﬁrstly. The remaining
reas are attended accordingly to the principle of minimal number
f suspected locations orminimal distance that has tobe coveredby
he maintenance crew. To accomplish such goal, we used a suitable
enetic algorithm (GA).
. FCI placement with the Chu–Beasley Genetic Algorithm
In this paper, we apply the GA proposed by Chu–Beasley (CBGA)
17] to solve a combinatorial optimization problem in order to ﬁnd
he best suitable location of FCIs. The impedance step and the num-
er of FCI are given variables and, therefore, represent equality
onstraints. Besides, the network parameters, the network con-
guration and the geographical position of the buses are known
nformation. The proposals solutions are evaluated according to
bjective functions given in Eqs. (1)–(4).
The CBGA implemented in this paper has some special charac-
eristics that make it very suitable for the optimization framework
f the FCI placement problem at hand. These characteristics
nclude:
. the use of twoobjective functions, traditionally a ﬁtness function
combined with an unﬁtness function, to evaluate an individual;
. unlike the traditional GA, CBGA replaces only one individual in
the population in each iteration; and
. all individuals in the population are always distinct.
In this paper, instead of the ﬁtness and unﬁtness functions, a
ain objective function (g) and a secondary objective function (f)
re used to evaluate the individuals. The main objective function is
epresented by Eq. (4) and the secondary objective function can be
epresented by Eq. (1) or (3). During the convergence process only
tter individuals (individuals with smaller objective functions) can
e inserted in the current population, thus, as the optimization
volves, the unﬁt individuals are naturally replaced for the ﬁtter
nes. In addition to that, the choice of the CBGA is justiﬁed by its
ood performance in related power system optimization problems
18]. In the followingsubsectionswedetail this andother important
spects of the CBGA that are related to the FCI placement problem.
.1. The problem codiﬁcation
The codiﬁcation is the way to represent a candidate solution. In
his paper an individual is represented by a vector of size ns, con-
aining the numbers of the branches where the FCIs are allocated.
bserve that individuals containing repeated genes are prohibited,
ince it is not allowed toplacemore thanoneFCI at the samebranch.
inally, note that gene permutations such as {3, 1, 4}, {1, 3, 4}, {4,
, 3}, {1, 4, 3} and {3, 4, 1}, represent the same FCIs placement.tems Research 81 (2011) 699–706
4.2. The initial population
The initial population is generated at random. In order to reduce
the GA computational effort, we considered that the FCIs can be
placed only on branches whose initial bus has laterals. This state-
ment was discussed in Section 3.1.
4.3. Selection
The adopted selection uses tournament. The parent 1 is the indi-
vidual with smallest value of g in a set of individuals randomly
selected from the current population. If several individuals present
the smallest value of g, the selected is the one with smallest value
of f. The parent 2 is chosen in the same way, however, it must be
different from the parent 1.
4.4. Recombination
The single-point recombination is adopted. Thus, a recombina-
tion point is randomly chosen and two offspring containing a part
of each parent are generated. In the CBGA, one of the generated off-
spring is randomly selected and the other is discarded. Therefore,
only the randomly selected offspring can be inserted in the current
population.
4.5. Mutation
The mutation is carried out on the offspring obtained from
recombination. At ﬁrst, a mutation point is randomly selected,
and then, the substitute branch is randomly chosen from a set of
branches where a FCI can be allocated.
4.6. Population replacement
In traditional GAs, it is common to replace all or almost all indi-
viduals of the current population in each generation. In the CBGA
only one individual of the population is substituted in each genera-
tion. To be inserted in the population, an offspringmust be different
from all members of the current population. The offspring can sub-
stitute only the worst individual of the current population, i.e., the
individual with largest value of g, if there is only one individual in
this situation, or the individual with largest value of g and largest
value of f, if there is more than one individual with the largest value
of g. The insertion of the offspring into the population must meet
the following conditions: If the value of goffspring < gworst, then the
offspring substitutes the worst individual of the current popula-
tion; If the value of goffspring = gworst and the value of foffspring < fworst,
then the offspring substitutes the worst individual of the current
population; Else, the offspring is discarded.
Some characteristics of population replacement that make the
CBGA advantageous over the traditional GAs are:
a) In the GCBA, since all individuals of the current population are
different, the premature convergence that is common in con-
ventional GAs is avoided;
b) The individuals that does not satisfy the priority criterion (g=0),
can participate in the offspring creation;
(c) The actualization of the current population occur only when
a better offspring is created. This strategy is a more efﬁcient
approach than the traditional elitism [18].The steps for implementing the Chu–Beasley GA are presented
below:
(i) Specify the CBGA parameters;
(ii) Create the initial population randomly (current population);
M.C. de Almeida et al. / Electric Power Systems Research 81 (2011) 699–706 703
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gig. 2. (a) IEEE 34-bus radial system disposed in a cartesian coordinate system. (b)
10, 21, 25} e {9, 21, 25} are included among the best solutions for all tested imped
f Fd and Fn in function of the number of FCIs. For 7 FCIs, Fd = Fn =0.
(iii) Obtain the value of f and g of all individuals of the current
population;
(iv) Select two parents in the current population. Recombine
the selected parents and preserve one offspring randomly
selected. Mutate the preserved offspring;
(v) Obtain foffspring and goffspring;
(vi) Verify if the offspring can be incorporated into the current
population;
vii) If the stop criterion is satisﬁed, then, stop. Otherwise, incre-
ment the number of iterations and go to step (iv).The process stops if the best solution does not improve after
speciﬁed number of iterations or if the maximum numbers of
enerations is achieved.st values for Fd and the number of solutions with these values for Fd . The solutions
teps. For step values smaller than 2 they were the only ones found. (c) Variation
5. Tests and results
In the next subsections, we present the results of tests per-
formed with the IEEE 34-bus radial system and with a 475-bus
actual radial systemof aBrazilianelectricityutility. In caseswithout
priority buses, Fcritical = 0 for all individuals.
5.1. IEEE 34-bus system
Fig. 2a depicts the IEEE 34-bus radial system displaced over a
cartesian coordinates system. The vertical and horizontal lines are
assumed to be 50 unities of length (ul) distant from each other, e.g.
bus 1 is 150ul distant from bus 2 and 300ul distant from bus 3.
We present the results obtained for the system w.r.t. varia-
tion of the number of sensors, variation in the impedance step,
704 M.C. de Almeida et al. / Electric Power Systems Research 81 (2011) 699–706
Table 2
(a) Comparison between objective functions assuming three FCIs and an impedance step of 0.1. (b) Variation of Fd and Fcritical in function of the number of FCIs in the
presence of priority buses. (c) Variation of Fd and Fn in function of the number of priority buses considering three FCIs. (d) Comparison between the proposed and ad hoc
methods considering FCIs. (e) Comparison between the proposed and ad hoc methods considering seven FCIs.
Objective functions Cost Solutions
(a)
Fn 90.00 {9, 22, 23} {10, 21, 23, } {10, 20, 21} {9, 20, 21}
{10, 22, 23} {9, 20, 22} {9, 21, 23} {10, 20, 22}
Fd 8219.82 {10, 21, 25} {9, 21, 25}
No. of FCIs Fd Fcritical Priority bus Solutions
(b)
1 43,132.24 1803.79 12 {9} {10}
2 41,328.44 0.00 12 {4, 9} {4, 10} {5, 9} {5, 10}
3 16,614.50 0.00 12 {4, 10, 21} {4, 9, 21} {5, 10, 21} {5, 9, 21}
3 8219.82 – – {10, 21, 25} {9, 21, 25}
Fd Fcritical Priority bus
(c)
16,614.50 0.00 12
39,256.51 0.00 12, 14
36,332.04 1803.80 12, 14, 29
Fn Fd
(d)
Best solution 90.00 8219.82
Ad hoc solution 300.00 37,808.00
Fn Fd
(e)
Best solution 0.00 0.00
Ad hoc A solution 8.00 309.00
Ad hoc B solution 73.00 5738.00
Ad hoc C solution 140.00 18,977.00
A }; Ad
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bd hoc A solution= {1, 5, 9, 14, 23, 25, 29}; Ad hoc B solution= {1, 5, 9, 14, 25, 29, 32
nd the presence of priority buses. We also present a comparison
ith the ad hoc method mentioned in Section 2. Before that, we
how an experiment comparing the two ﬁrst proposed objective
unctions.
.1.1. Number of suspected locations vs. distance
The objective functions presented in Eqs. (3.2) and (3.3) were
ompared by performing several optimization runs. Table 2(a)
hows the results of this comparison considering three FCIs and
n impedance step of 0.01. Observe that the distance criterion
enerates fewer optimal solutions, showing that Fd makes a more
ffective distinction among solutions.
.1.2. Variation on the impedance step value
In this case, we used three FCIswith Fd as our objective function.
imilar observations can be made for Fn. Fig. 2b presents the best
alues found for Fd and the number of solutions associated with
hem in function of the impedance step values.
As it can be seen in Fig. 2b, with smaller impedance steps, Fd
ncreases while the number of solutions decreases. This behav-
or can be explained by the increase in the number of discrete
mpedance points as the impedance step value decreases. In all
ests realized for this system, it was observed that if the impedance
tep is smaller than 0.1, the solutions are the same as with
he impedance step equal to 0.1. Therefore, for this system,
here is no need to adopt impedance steps smaller than 0.1
ecause it would imply in unnecessary processing time. In gen-
ral, it is a good choice to assume that the impedance step should
e such that in all branches there should be at least one dis-
rete impedance point. In practice, too short branches can often
e neglected.hoc C solution= {1, 5, 9, 14, 23, 25, 32}; Ad hoc solution= {5, 14, 25}.
5.1.3. Variation in the number of FCIs
In this section, we used an impedance step of 0.1. Fig. 2c
presents the values of Fd and Fn in function of the FCI number.
Observe that Fd and Fn decreases with an increase in the number
of FCIs until their values reach zero, with seven FCIs, meaning that
any fault can be uniquely located. If a larger impedance step was
considered, in order that short branches were neglected, a smaller
number of FCIs would be required to make Fd and Fn equal to zero.
5.1.4. Inclusion of priority buses
In the cases presented above,we did not consider priority buses.
Thus, faults occurring in any part of the system are considered
equally important to maintain the quality indexes and legal and
contractual agreements of the utility. In order to analyze the behav-
ior of the proposed method in the presence of priority buses, the
objective function Fcritical should be used in combination with Fd or
Fn.
Table 2(b) presents results considering a combination of Fd with
Fcritical for a variation on the number of FCIs using an impedance
step value of 0.1. Observe thatwith one sensor it is not possible to
make Fcritical = 0. Therefore, there are faults thatmay imply in power
interruption for priority bus that cannot be uniquely located. As
more FCIs are allocated, Fcritical goes to zero, eliminating the uncer-
tainty about the critical points. Finally, note that the value of Fd
without the presence of priority buses is smaller than the value
of Fd in the presence of priority buses. This happens because FCIs
are moved in order to satisfy the requirements of the high-priority
buses.
InTable2(c),wepresent thebehaviorof Fd and Fcritical in function
of different sets of priority buses considering three FCIs. Observe
that Fcritical becomes larger than zero when the number of prior-
ity buses increases and, therefore, the requirements of these buses
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Fig. 3. Allocation of four FCIs with , and without priority buses in a purely radial system. The impedance step is 0.5. For the best solution was {24, 84, 134,
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t41}, with Fd =990, 282.93 and Fcritical = 22, 253.24 and for it was {24, 84, 236, 2
CIs allocated on branches {3, 148, 150, 241}. The axes represent distances in mete
annot be completely attended.Moreover,when thenumber of pri-
rity buses increases and the value of Fcritical stays at zero, Fd also
ncreases, since FCIs are reallocated in order to attend the require-
ents of the new priority buses.
.1.5. Comparison with ad hoc method
Table 2(d) shows the smallest values found for each one of the
bjective functions and the solution found with the ad hoc method,
onsidering three FCIs and an impedance step equal to 0.1. Note
hat the solution obtained with the proposed method presented
maller costs than those of the ad hoc method.
Table 2(e) is similar to Table 2(d) with seven FCIs. In this case,
heproposedmethod foundanoptimal solutionwhere all faults can
e uniquely located, whereas the ad hoc method allows three non-
ptimal solutions. All these non-optimal solutions present values
f Fd and Fn larger than zero. Therefore, if one ad hoc solution is
dopted, there are faults that cannot be uniquely located.
.2. 475-Bus actual system
The 475-bus radial actual system used in this section was
btained from a Brazilian power distribution utility. We performed
everal tests similarly to those realized for the IEEE 34-bus system
nd we obtained similar conclusions.
The system is depicted in Fig. 3 presenting the solutions for the
roblemof allocating four FCIswith andwithout considering prior-
ty buses, and a solution using the ad hoc method. Comparing the
olutions with and without priority, it is possible to observe that
ne of the FCIs was moved in order to satisfy the requirements of
he priority buses.ith Fd =718, 104.06. The ad hoc solution presented Fd =8, 616, 739.06 with the
Thecostof theadhoc solutionwasoneorderofmagnitude larger
than the other two solutions. In general, the larger the system, the
less the effectiveness of ad hoc solutions.
6. Conclusions
In this paper we address the problem of optimally allocating
a ﬁxed number of faulted-circuit indicators in order to maximize
the efﬁciency of impedance-based methods for locating a fault
occurred along a distribution feeder. This way, the proposed allo-
cation method allows for minimization of the operational costs
related to the occurrence of a fault and at the same time it helps
to increase quality indexes. For that, we formulated the alloca-
tion of these indicators as a combinatorial optimization problem,
establishing three optimization criteria related to the number of
locations that are suspected to hold the fault, the distances among
them, and the presence of priorities of buses. In order to solve the
optimization problem,weused the Chu–Beasley genetic algorithm,
which showed to be very suitable for the allocation problem. We
performed experiments with the IEEE 34-bus and a 475-bus radial
actual system. The analysis of the results showed that the distance
criterion is more reﬁned that the criterion of the number of sus-
pected locations. We observed that a reduction in the impedance
step value below a certain limit does not ensure more accurate
solutions. Compared to the ad hoc method, the proposed method
always presented better solutions. The proposed priority criterion,
used in conjunction with one of the other two criteria, ensured that
priority areas were attended ﬁrst. Finally, as the number of FCIs is
a ﬁxed variable, it cannot be optimized with the proposed formu-
lation. However, simulations with different numbers of FCIs can be
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